Monte Carlo simulations were performed on a diamond lattice, globular protein model in which the trans conformational state is energetically favored over the gauche states (thereby perhaps favoring a a-sheet secondary structure) and in which nonspecific nonbonded nearest-neighbor attractive interactions are allowed. If the attractive interactions are sufficiently weak that the molecule possesses a relatively high fraction of trans states in the denatured state, then on collapse, a a-barrel tertiary structure, highly reminiscent of the "native" structure seen in a6-proteins, spontaneously forms. If, however, the attractive interactions are dominant, a coil-torandom globule collapse transition is observed. The roles of short-, medium-, and long-range interactions and topological constraints in determining the observed tertiary structure are addressed, and the implications and limitations of the simulations for the equilibrium folding process in real globular proteins are explored.
however, the attractive interactions are dominant, a coil-torandom globule collapse transition is observed. The roles of short-, medium-, and long-range interactions and topological constraints in determining the observed tertiary structure are addressed, and the implications and limitations of the simulations for the equilibrium folding process in real globular proteins are explored.
The development of an equilibrium statistical mechanical theory capable of producing the native conformation of a globular protein starting from the primary sequence is a long-sought objective of biophysical chemistry (1, 2) . The native structure may possess ordered regions composed of a-helices and/or 8-sheets connected by loops or bends juxtaposed in a specific and complicated three-dimensional arrangement. Any successful theory must incorporate the role of short-, medium-, and long-range interactions as well as topological constraints inherent in a structure formed from stiff linear regions (a-helices or 8-sheets) joined by bends. Thus, the development of even a phenomenological statistical mechanical theory of the globular protein native-todenatured transition is very complicated and is unfortunately beyond existing capabilities. In this paper, we introduce a series of Monte Carlo simulations of well-defined simple models designed to guide the development of a qualitative understanding of various aspects of globular protein folding as well as to provide a proving ground for the testing of statistical mechanical theories suggested by the simulation results.
In the past, equilibrium Monte Carlo simulations have been used for the folding from a specific native conformational state to the denatured state or vice versa (3, 4) . However, to reduce the amount of computer time, specific biasing toward the native structure is used, rather than having the interactions themselves independently dictate the native structure. For complicated models of real proteins, this is necessary to keep the requisite computer time within practical bounds. On the other hand, with this approach one forgoes the insights that could be obtained if the system were allowed to freely hunt through all of phase space to ultimately find the native structure. In the simulations described below, we opt for the latter approach and forgo the former inherently more detailed description of specific proteins.
Another theoretical approach models the thermodynamics of the globular protein conformational transition by a coilto-molten globule transition (5, 6) and proceeds in the spirit of Flory's theory (7) . The denatured state is assumed to be a voluminous random coil and the native state is treated as a compact random coil. That is, the distribution of chain segments is assumed to be essentially Gaussian. Hence, a most essential feature of globular proteins, the presence of highly ordered regions composed of a-helices and/or f3-sheets, is entirely neglected. (Such neglect is understandable given the difficulty of a priori treating the native state.) However, this by no means implies that these studies are not extremely useful. They allow one to qualitatively assess the importance of local-chain stiffness on the character of the conformational transition (8, 9) . Moreover, these model calculations are consistent with the two-state model that well characterizes the equilibrium folding of small, single-domain globular proteins and can be generalized to treat proteins containing more than one domain (5) . Thus, these treatments present an important zeroth order picture.
It should be pointed out that the simulation results presented below have applications to finite single-chain polymer conformational statistics; a detailed study will be presented elsewhere.
THE MODEL Consider a polymer chain composed of n beads confined to a tetrahedral lattice in a periodic Monte Carlo box of volume L3. Each bead schematically represents an amino acid residue, and to include the effect of excluded volume multiple occupancy of a given lattice site is prohibited. For simplicity here all of the beads are taken to be identical, although this is not required.
A given overall chain configuration requires the specifica- antiparallel P-sheets in the ordered, low-temperature state.
Thus, the present simulation focuses on the properties of a hypothetical, homopolymeric 8-protein (2, 10) . It should be pointed out that by choosing a different set of parameters (e.g., egg < 0, Ego > 0), one might conceivably produce compact structures containing right-handed a-helices.
The simplicity of the model also carries with it certain limitations. In the present formulation, the a priori statistical weight of a gauche state of an individual bond is independent of the conformation of the nonbonded nearest neighbors. As the temperature is reduced, trans states become more favorable, and we would expect, and indeed do find, a more ordered unfolded structure (i.e., one containing a higher fraction of trans states) than is actually present in real proteins (1, 11) . Nevertheless, as demonstrated below, the present model exhibits numerous qualitative features of a globular protein folding transition, and thus the study of it should hopefully prove to be useful and informative.
A successful Monte Carlo algorithm must be able to quickly and efficiently sample the phase space accessible to the chain in both the expanded, essentially random coil and the compact structures. We have used two Monte Carlo sampling algorithms, both of which produce essentially identical equilibrium properties. Basically, a cycle consists of (i) a "reptation" step [which is the most efficient part of the algorithm (12, 13)1-in one of the algorithms, one of the chain ends is randomly chosen, and the end bead is snipped off and added (at a random orientation) to the other end while, in the other algorithm, clipping proceeds from one end until the move is unsuccessful and then proceeds from the other end; (ii) end flips in which one or two bonds at a chain end are randomly rotated; and (iii) three-bond, kink motions involving (for a randomly chosen bond) g, --g+.
For each particular set of parameters, long runs consisting of from 0.3 to 5 x 107 reptation steps plus a corresponding number of steps (ii) and (iii) were performed. Great care was taken to ensure proper equilibration of the systems, after which equilibrium properties, described below, were calculated every 250-500 cycles; thus, a total of 2-6 x 104 states contribute to each equilibrium average. If n c 400, L = 100 and for the more expanded chain conformations when n = 400, we set L = 124. Additional details describing the specifics of the simulations will be published elsewhere. In the case of stiff polymers, a series of both "cooling" and "heating" runs were performed near the collapse transition to explore the existence of metastable states and to estimate the statistical uncertainty in the reported results.
RESULTS
We begin by examining, for a chain containing n = 200 beads (Fig. 1A) Fig. 1A ).
In Fig. 1A Fig. 2A . Physically, because of the relatively large value of A, the chain collapse occurs when there are a large number of independent statistical segments, each of length P (in units of bond length), per chain. Thus, since these chains always remain relatively flexible, the possibility of a collapse to a compact disordered structure is not at all surprising and in fact has been recognized for >25 years (15) . once the collapsed state is reached, the fraction of gauche states,fg, becomes frozen in because ofthe high density ofthe compact structure, is essentially temperature independent, and lies considerably above the ideal chain value obtained by using the statistical weights from Eqs. la and b, f°. For example, at kBT/Eg = 0.5, when A = 1, the system withn = 200 has fg = 0.5485, whereas fI = 0.2130. This provides additional evidence that the attractive interactions dominate over the effect of increasing chain stiffness. In fact, by freezing the value of fg close to that at which the coil-toglobule transition occurs, the collapsed, disordered state is locally more flexible than that predicted for the hypothetical expanded disordered state at the same temperature. Finally, if we define the 0 temperature as the temperature at which (R2) from the Monte Carlo simulation equals that calculated by ideal-chain statistics (where the dotted and dashed lines in Fig. 1A cross) , we see the expected monotonic decrease in chain dimensions on decreasing T below 6 (16, 17) .
When A = 1/2 and n = 200, over a wide temperature range, (R2) is essentially independent of kBT/Eg; i.e., as kBT/eg decreases, the increase in local chain stiffness that acts to increase (R2) is almost completely compensated by the attractive interactions between segments that serve to decrease (R?2). Ultimately, as kBT/Eg further diminishes, the attractive interactions dominate and this system, too, collapses to a globule that may (with the inherent uncertainties of the simulation we cannot say with absolute certainty) contain some locally ordered regions.
We turn next to the behavior of systems having A < 1/2, where over a large temperature range, the increasing local of a flexible polymer. (B) Representative expanded and compact stiffness with decreasing temperature that tends to expand the coil dominates over the attractive interactions between segments that tend to contract the coil. Hence, as shown in Representative structures for the expanded coil and the highly ordered system obtained from the simulation for the case n = 200 and A = 1/4 at the phase transition temperature are shown in Fig. 2B . The "native" state contains from four to six (depending on the run) antiparallel 8-strands whose conformation is highly reminiscent of the cylindrical arrangement of p-pleated sheets seen in globular proteins (2) . The particular conformation displayed here appears to resemble the Greek key (18) with one of the internal strands eliminated. What is remarkable is that such a highly ordered structure emerges from a system lacking any site-specific interactions.
We describe below a simple physical rationalization of these observations.
Unlike the case in which attractive interactions dominate prior to the coil-to-globule collapse, prior to the transition to the ordered phase there are a relatively small number of independent segments of length P; i.e., these molecules behave not like polymers in which n >> P but like "small"-to "moderate"-size molecules in which n is about an order of Evidence indicative of this behavior is provided by comparing in Fig. 1 A and B the two curves having filled or open circles; the latter case with A = 1/3 is most prominent. The maximum in (R2)/(n -1)12 is reduced on going from n = 200 to n = 400, and the slope of (R2) vs. kBT/eg also decreases in magnitude with increasing n.
Another striking characteristic of the conformational transition is evident from Table 1 . At the transition temperature, the mean length of a trans stretch in the ordered collapsed state increases over that in the disordered state. In other words, the collapse itself induces additional ordering. This study points out how intersegmental interactions can perturb the conformational equilibrium between trans and gauche states. Further evidence comes from the direct examination of the values of fg that are appreciably less than that in an ideal chain. For example, the n = 200 chain with A = 1/4 in the ordered state has fg = 0.0888 whereas f I is 0.1814. While the short-range interactions (the preference for trans over gauche states) dictate that the tertiary structure is a P-sheet, it is in fact the "long-range" nonbonded attractive interactions that dictate the linear dimensions of the P-sheet.
Otherwise, the mean length of a trans stretch would be essentially the same both above and below the transition, and this is not the case.
Physically, the excess stiffening of the chain in the ordered state resulting in longer trans stretches is due to the desire of the system to minimize the number of bends and maximize the number of contacts between nonbonded beads. On a diamond lattice, it takes a minimum of four bonds to reverse (19, 20) to obtain kBTt/Eg. In Table 2 we present results for the n = 200 and n = 400 systems with A = 1/4 and 1/3. As expected, the results improve when A is decreased (increasing the relative importance of local chain stiffness) and when n is increased at fixed A (the latter is probably a finite-size effect First, the collapse itself is seen to induce substantial additional secondary structure. Furthermore, the folding appears to proceed from states that successively sample smaller and smaller regions of phase space and that are funneled into the native state. In our case, the reduction in phase space proceeds by the preformation of local trans stretches. Finally, since even in the absence of site-specific interactions, 3-barrel-like native structures are formed, this implies that an important factor determining the conformation of the globular protein may be the location of the loops and/or bends (22-24), with the tertiary structure then mediated by the site specificity ofthe subsequent long-range interactions that then induce additional tertiary structure (25) .
